Noni (Morinda citrifolia) juice is a popular herbal dietary supplement globally used for preventive or therapeutic purposes in a variety of ailments, claiming to exhibit hepatoprotective properties as well. Herein we present the case of a 38-year-old woman who developed acute liver injury associated with noni juice consumption on a long-term (9 months) anticonvulsant therapy. Clinical presentation and liver biopsy were consistent with severe, predominantly hepatocellular type of injury. Both agents were stopped and corticosteroids were initiated. Five months later the patient had fully recovered. Although in the literature the hepatotoxicity of noni juice remains speculative, sporadic but emerging cases of noni juice-associated liver injury address the need to clarify and investigate potential harmful effects associated with this supplement.
Background
Drug-induced liver injury (DILI) is continuously emerging as a significant cause of liver disease, representing today a leading cause of acute liver failure in Western countries [1, 2] . Many conventional drugs, but also the increasingly popular dietary and herbal supplements contribute to this rising equation. This is a reflection of a growing awareness to improve health by adequate nutritional and immunological status, associated with the belief that supplements, mainly derived from plants, do not exhibit toxic effects. One of the most popular dietary supplements in Western countries is a noni juice, approved as a novel food by the European Commission in 2003. Morinda citrifolia is a tree in the coffee family (Rubiaceae) with a long history of use in Asian countries as a traditional medicinal plant, claiming to be beneficial in almost every health condition, although scientific evidence of these benefits still remains limited [3] [4] [5] . The claimed hepatoprotective properties on noni juice however still remain speculative [6, 7] . Recently, seven cases of Morinda citrifolia-associated liver injury emerged in the literature, emphasizing its possible hepatotoxic effect [8] [9] [10] [11] [12] [13] .
We present a case of severe drug-herb-induced liver injury that developed in a 38-year-old patient after 7-day consumption of a herbal preparation (noni juice). The patient was also receiving long-term (9 months) anticonvulsant therapy (phenobarbital, PB) due to a pathological electroencephalogram. Other possible underlying causes of liver injury, such as biliary or vascular obstruction, viral hepatitis, autoimmune hepatitis, hemochromatosis and Wilson's disease, were ruled out. Five months after discontinuation of both PB and noni juice the patient had fully recovered. Herein we discuss the impact of noni juice and concomitant PB in the context of synergistic drug-herb-induced liver injury, with a review of the literature.
Case Report
A 38-year-old woman suffering from headache was diagnosed with intracranial aneurysm of the left internal carotid artery and underwent successful surgery in January 2011. She had an unremarkable medical history and was not taking any medication, except for noni juice on several occasions during the past years (to the patient's recollection, she took the juice on three separate occasions during the last 3 years, the recommended daily doses of 60 ml for 2-3 weeks, to 'strengthen her immune system'). Liver tests before operation were unremarkable. Based on pathological electroencephalogram postoperatively, PB was initiated for the prevention of seizures. During 9 months of follow-up, clinical and liver function tests remained unremarkable and the patient started to work. In October 2011, in order to 'improve her energy' the patient started taking the recommended daily doses (60 ml) of noni juice again, and 1 week after she jaundiced.
On admission, laboratory tests showed bilirubin 165.3 µmol/l (normal 2-20), AST 925 U/l (normal 8-30), alanine aminotransferase (ALT) 813 U/l (normal 10-36), γ-glutamyl transpeptidase 933 U/l (normal 9-35), alkaline phosphatase (AP) 532 U/l (normal 54-119) and international normalized ratio 2.61, indicating hepatocellular injury (ratio ≥ 5) according to the DILI classification [14] . The PB level was below the therapeutic range (77 µmol/l; normal 86-173). Genotyping of CYP2C19 and CYP2C9 polymorphisms identified CYP2C9*1/*1 and CYP2C19*1/*1, fast metabolic genotypes. There was no evidence of biliary or vascular obstruction on ultrasound. Viral hepatitis (A, B, C), cytomegalovirus, Epstein-Barr virus, human immunodeficiency virus, herpes simplex virus, autoimmune hepatitis (anti-nuclear antibody, anti-smooth muscle antibody, anti-liver-kidney microsome antibody), hemochromatosis and Wilson's disease tested negative. The level of bilirubin peaked at 366 µmol/l, whereas other liver tests did not deteriorate significantly.
A percutaneous liver biopsy revealed mixed pattern of injury with predominant hepatocellular form ( fig. 1) . Hepatocellular zonal necrosis mostly in the perivenular zone (zone 3) with massive necrosis of one entire lobule was found accompanied by sinusoidal lymphocytosis. An intrahepatic hepatocanalicular cholestasis with portal tract inflammatory infiltrate rich in eosinophils was obtained. Qualitative histochemical staining of copper and iron was negative. Both PB and noni juice were discontinued. Treatment with steroids was initiated and gradually tapered during 3 months until discontinuation. A control liver biopsy 3 months after discharge revealed preserved architecture of lobules with mild mixed type of sinusoidal inflammation in only one lobule and also mild canalicular type of cholestasis. In the portal tracts mild mixed type of inflammation was found with no signs of ductular type cholestasis ( fig. 2) . Two months later liver enzymes, bilirubin and international normalized ratio had normalized and the patient remained asymptomatic.
Conclusions
The development of liver injury concomitant with the use of conventional drugs or dietary and herbal supplements, even in the presence of preexisting liver disease, rises a suspicion of DILI [15] [16] [17] . Since no specific markers of DILI exist, several scoring systems [18] [19] [20] [21] [22] have been developed to assess causality in hepatotoxicity, however not without limitations [23] . Therefore the diagnosis of DILI still rests on the identification of a temporal association between drug and liver injury and the exclusion of other conditions [24] . The diagnosis of DILI is especially difficult when multiple agents are involved, since any one of them might be responsible for the injury. Indeed, additive or even synergistic toxic effects of the combination always need to be taken into consideration [25, 26] . Furthermore, except for predictable, dose-dependent type of reaction, DILI may be a result of unpredictable, idiosyncratic, dose-independent reaction which cannot be explained on the basis of the known pathophysiological mechanisms of the drug [2, 27] . The concept of DILI from conventional drugs had been extensively studied in the literature, however underlying mechanisms of idiosyncratic DILI remain poorly understood. Within this concept, herb-induced liver injury is an emerging entity [28] . In the presented case jaundice appeared after 1 week of noni juice consumption (cumulative amount approximately 400 ml) in a patient on long-term (9 months) PB therapy. Therefore a toxic effect of both drugs as well as their synergistic effect must be suspected.
Individual susceptibility to the anticonvulsant PB is determined by the pharmacogenetically variable hepatic cytochrome P450 (CYP) enzyme system [29, 30] . However, the fast metabolic genotypes CYP2C9*1/*1 and CYP2C19*1/*1, identified in our patient, did not affect PB metabolism. The clinical pattern of PB-induced hepatotoxicity is a mixed pattern of injury [24] , however despite of known hepatotoxic potential, PB has rarely been associated with severe liver injury [9] . In this case, marked elevation of serum ALT (23× ULN) and ALT/AP ratio (ratio = 6) indicated hepatocellular injury. Furthermore, during the long-term treatment with PB only, with serum levels below the therapeutic range, none of the laboratory and clinical features of DILI were noticed. However, according to the Roussel Uclaf Causality Assessment Method scale [23] , causality assessment of noni juice in the presented case was probable (score = 6).
So far, in 3 out of 7 cases of noni juice-associated liver injury concomitant therapy was reported: interferon beta [9] , Chinese herbal mixture with acetaminophen [10] and levetiracetam [12] . In all cases of noni juice-associated DILI, the pattern of liver injury was hepatocellular with a highly variable time span (1-4 months) . Three cases presented with liver failure, of whom one required liver transplantation [10] . Although these cases, like ours, refer to a possible hepatotoxic effect of noni juice, experimental data from animal models support its hepatoprotective properties and show no dose-dependent hepatotoxicity [6, 7] . However, absence of noni juice dose-dependent hepatotoxicity does not exclude its idiosyncratic form [31] . It is highly speculative that in this case, noni juice was the only causative agent, due to repetitive history of rechallenge with this agent alone. Thus, in the present case the hypothesis rests on synergistic idiosyncratic drug-herb-induced liver injury. Probable hepatotoxic synergism of these agents is further strengthened by the fact of fast occurrence of liver injury after noni juice ingestion. Normalization of liver function tests occurred after discontinuation of both agents and induction of corticosteroids. The authors are aware that data regarding the efficacy and safety of corticosteroids in the treatment of DILI are lacking, however in this severe form of DILI they were used as a rescue therapy with positive outcome. Due to the severity of initial liver injury, rechallenge with noni juice and/or PB to assess the causality was not considered.
In conclusion, the spectrum of agents responsible for DILI has been changing due to the increasing popularity of dietary and herbal supplements, consumed alone or in addition to conventional drugs. Moreover, as dietary supplements and over-the-counter drugs may be accessed unrestrictedly in most of the cases, it is very important to be aware of the hepatotoxic potential carried by these supplements. The present case of liver injury associated with noni juice and PB contributes to the emerging literature on this issue and supports the need for a detailed phytochemical profiling of these supplements to provide sufficient data on the chemical composition, with appropriate tools for quality assessment of herbal products and further investigation of underlying mechanisms of drug-herb-induced liver injuries.
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